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SUMMARY

Caleulations of the cooling attainable by radiation
at Mach numbers up to 11 and altitudes up to
100,000 feet are presented for a flat plate with
turbulent boundary layer and alined with the wind.
These calculations show the utility of radiation ax a
means of cooling high supersonic and hypersonic
aireraft under aerodynamic heating and the need for
measurements of the total hemispherical emissivity
of surfaces suitable for wse on aireraft.  The theory
underlying the investigation and measurement of
total hemispherical emissivity is presented.  Readily
duplicable apparatus suitable for performing the
requisite measurements on a large variety of surfaces
is deseribed.  The method of calibration and the
techniques are given for wusing the apparatus to
inrvestigate the stability of the emissivity of surfaces,
to measure the total emissivity as a _function of angle
to the surface, and to measure the total hemispherieal
emissivity of stable surfaces as a function of tempera-
ture. When Inconel, Inconel X, stainless steel 303,
and titanium alloy RS—120 are cleaned to the bare
metal, there can be produced by heating in air thin,
smooth, adherent oxide coatings on the metals that
do not flake off under rapid heating and cooling, are
resistant to mald abrasion, emit diffusely, and have
stable emissive characteristics.  The total hemispher-
deal emissivity of the Inconel coating was found to
pary from 0.69 at 600° I to 0.82 at 1,800° I, that of
Inconel X from 0.895 at 600° F to 0.925 at 2,000° [/,
that of stainless steel 303 from 0.74 at 600° [ to 0.87
at 2,000° F, and that of titanium alloy RS-120
Sfrom 0.675 at 700° F'to 0.715 at 1,500° F.

INTRODUCTION

Cooling by radiation, either alone or in com-
bination with insulation or other cooling methods,
is one of the most promising means of keeping the
temperatures resulting from acrodynamic heating
of high supersonic and hypersonic (above a Mach
number of 5) aireraft within structurally tolerable
Limits. The effectiveness of cooling by radiation
is illustrated in figure 1 where the equilibrium
temperature attained at a point 2 feet from the
leading edge of a flat surface parallel to the wind
is plotted against flight Mach number, a turbu-
lent boundary layer being assumed.  The curves
were ealeulated by equating the rate of heat loss
from the surface by radiation to the rate of heat
input to the surface by aerodynamic heating, the
turbulent-boundary-layver heat-transfer coefficients
being given by reference 1. Curves are shown for
flight at sea level, at a 50,000-foot altitude, and at
a 100,000-foot altitude, based upon the air tem-
perature and density values of references 2 and 3.
Two curves are given for each altitude: one for
the case of zero surface emissivity, representing
no loss of heat by radiation; and the other for the
case of a surface total hemispherical emissivity of
unity, representing the maximum possible cooling
by radiation. It is apparent from figure 1 that
radiation becomes a powerful means of cooling at
the higher supersonic speeds and at hypersonic
speeds and that, with increase in altitude, the
temperature reduction  produced by radiative
cooling increases markedly. If a Jaminar bound-
arv laver had been assumed, appreciably larger

tSupersedes NACA Technical Note 4121 by William 7. O’Sullivan, Jr., and William R. Wade, 1957, and NACA Technical Note 4206 by William R,

Wade, 1958,
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Figure 1.--Aireraft cquilibrium skin temperatures at
2 feet from leading edge for turbulent boundary layer.

reductions in temperature would have been shown
because the laminar-boundary-layer heat-transfer
coefficients are much lower than those of the
turbulent boundary layer. Since the rate of loss
of heat by radiation is directly proportional to the
total hemispherical emissivity of the surface, it is
apparent that practical interest lies in the de-
velopment of surfaces having the highest possible
value of total hemispherical emissivity in order to
achieve the maximum radiative cooling.

Much of the attractiveness of radiative cooling
stems from its inherent simplicity, reliability, and
low weight as compared with other methods of
cooling. Emissivity is a property of the surface
of a body; thus materials that are poor radiators,
such us most metals, may be coated with a thin layer
of materialof high emissivity and become good radi-

ators. The feasibility of this method depends upon

the development of strongly adherent, stable, and
aerodynamically smooth coatings of high emis-
sivity capable of withstanding elevated tempera-
tures and rapid rates of change of temperature.
The research herein reported shows that such
coatings can be produced by oxidation upon
Inconel, Inconel X, stainless steel 303, and
titanivim alloy RS-120. It is therefore reasonable
to expeet that such coatings ean be produced on a
wide variety of high-temperature materials either
directly or indirectly by first plating or rolling
onto them material upon which the desired
coating can be produced.

Although many data on the emissivity of sur-
faces are to be found in teehnieal literature, the
data are in large measure not suitable for appli-
cation to the radiative cooling of aireraft. The
information is often given only for a single tem-
perature, whereas the emissivity of metal surfaces
in particular is known to vary appreciably with
temperature and time at temperature, partly
because of progressive oxidation of the surface at
elevated temperatures in air. The literature
affords little information regarding the chemistry
of conrings of high emissivity, their mechanical
properties such as smoothness and adherence,
their ctability, and their resistance to eracking
and flaking off under repeated heating and eooling
at rapid rates.

In view of these considerations, the Langley
Research Center has begun the investigation of
high-emissivity surfaces from the viewpoint of
their application to the cooling of supersonic and
hypersonic aireraft.  Apparatus suitable for such
research was not found to be commercially avail-
able. Accordingly, appropriate apparatus, de-
seribec herein, was designed after study of the
tyvpes of apparatus heretofore emploved. Most
previons investigations of emissivity have em-
ploved either the “filament-in-vacuum’ apparatus
or the “reference-black-body” apparatus. In the
filament-in-vacuum apparatus, the total hemi-
spherical emissivity is derived from measurements
of the power input to an electrically heated wire
specitnen in a vacuum because the wire specimen
loses eqergy primarily as radiation. The varia-
tion of the electrical resistance of the wire with
temperature is usually employved to determine the
temperature of the radiating wire. For many
materials the resistance is found not to be a unique
functicn of temperature with the result that
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reliable determination of the temperature presents
difficulties. In the reference-black-body method,
the emissivity is determined by comparison of the
intensity of the radiation emitted by the test speci-
men with that emitted by a body of known
emissivity, which comparison body is usually a
black body of unit emissivity. In this method
the prineipal difficulty is the construction of the
reference black body, and reliance is placed
primarily upon theory that it is a black body.
However, the method is suitable for investigating
the wvariation of the emissivity with time at
elevated temperature of a large variety of materials
when heated in air and, accordingly, was selected
as being the most suitable method for the purposes
here intended.  Insofar as possible, commercially
available components were used in construction
of the apparatus in order that the apparatus may
be readily and economically duplicated by others,
in consideration of the rapidly expanding need
for emissivity data. The theory underlying the
operation and design of the apparatus is given.

The present investigations of the production and
measurement of coatings suitable for the radiative
cooling of hypersonie aireraft are reported not only
m view of the importance of the data but also as
examples of the techniques of performing such
mvestigations  with the apparatus deseribed.
Some other recent measurements of the emissivity
of Inconel are reported in reference 4 by a modifica-
tion of the filament-in-vacuum method, and in
reference 5 by the reference-black-body method.
In both instances repeatable results were mnot
obtained; thus the desirability of further inves-
tigation was indicated.

SYMBOLS
A aren, sq {t
d diameter of circular surface, It
I radiation flux, Btu/(sq ft) (sec)
K constant
P point on surface of hemisphere of
radius r
Q quantity of radiant energy, Btu
n rate of radiant energy emission, Btu/sec
r radius of hemisphere, ft
S area of hemisphere of radius r, sq ft
T absolute temperature, °R
t time, sec

Cartesian coordinate axes

XY,z

€ total hemispherical emissivity, dimen-
sionless
wavelength, microns
Stefan-Boltzmann radiation constant,
Btu/(°RY) (sq ft) (sec)

¢ elevation angle measured from normal
to surface, radians

v azimuth angle, radians

Subscripts:

b black body

0 at =10

@ at ¢ =0

u surface of unknown emissivity

THEORY OF MEASUREMENT OF TOTAL
HEMISPHERICAL EMISSIVITY

In this section is presented the theory underlying
the experimental apparatus and the techniques
emploved to measure the total hemispherical
emissivity of surfaces. The theory, although not
new, is presented in moderate detail for the con-
venience of the reader because it is not readily
available inasmuch as it is seattered through a
large quantity of technical literature in which
there exists neither consistency of terminology nor
clear distinetion between the older empiriceal
theories and the modern concepts. The theory as
presented herein is based upon modern concepts

with u compatible and consistent terminology.

TOTAL HEMISPHERICAL EMISSIVITY

The modern quantum theory of thermal radia-
tion developed by Planck yields all the earlier
developed laws of thermal radiation (ref. 6), in-
cluding the Stefan-Boltzmann law. The Stefan-
Boltzmann law, in conformity with Planck’s law,
gives the quantity of energy @ emitted as thermal
radiation by a surface as

Q=ecT*AL (1)

In equation (1), eis the total hemispherical emissiv-
ity of the surface, ¢ is the Stefan-Boltzmann
radiation constant, T is the absolute temperature
of the surface, A is the area of the surface, and ¢ is
the length of time during which radiation occurs.

The dimensionless coefficient ¢ is termed the
total hemispherical emissivity to indicate that it
applies to the total radiation of all wavelengths
emitted from any element of the surface in all
directions from the surface over the entire solid
angle of a hemisphere. It is the efficiency of the
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surface as an emitter of thermal radiation. A sur-
face which emits the theoretical maximum amount
of energy is termed a “black body” and has a
total hemispherical emissivity of unity. Con-
versely, a surface which emits no thermal radiation
is termed a “white body” and has a total hemi-
spherical emissivity of zero.  Actual surfaces lie
between these theoretical extremes.

Early investigations of the thermal radiation
of actual surfaces gave rise to the concept of the
“oray body.” A gray body is visualized as an
assemblage of infinitesimally small areas, some
of which are black bodies and the remainder of
which are white bodies. By varyving the pro-
portion of black areas to white arcas, it is
theoretically possible to obtain on a macroscopie
scale gray bodies having any value of total hemi-
spherical emissivity between the theoretical ex-
tremes of zero and unity.  [mplicit in the concept.
of gray bodies is that their spectral hemispherical
emissivity, that is, their efficiency as radiators
at any given wavelength, is a constant independent
of wavelength, Sinee the total hemispherical
emissivity is simply the summation of the speetral
hemispherical  emissivity over all wavelengths
emitted, the total hemispherical emissivity of a
gray body is a constant. Later investigations
have disclosed that the spectral hemispherical
emissivity of actual surfaces frequently  varies
with wavelength.,  Since the range of wavelengths
emitted varies with temperature, the total hemi-
spherical emissivity of actual surfaces must be
regurded as a coeflicient which may vary with
temperature.  Accordingly, real surfaces cannot
be regarded as gray bodies as has been done
frequently in the past. Throughout this report
the total hemispherical emissivity e of actual
surfaces is regarded m this more modern view as
being a coeflicient that may vary with temper-
ature,

GENERAL OUTLINE OF METHOD OF MEASUREMENT OF
TOTAL HEMISPHERICAL EMISSIVITY

From equation (1), the rate of emission £ of
thermal radiation from any surface is

R:%)zw T4 @)

From equation (2) the total hemispherical emis-
sivity e is
R .
=T (3)

Accordingly, ¢ may be experimentally evaluated
if 2, T, and A can be measured. No difficulty is
encoutitered in measuring the absolute temper-
ature 7" and the area A of a radiating surface.
However, it is difficult to devise apparatus capable
of measuring the absolute value of the rate of
emission f2.

Theoretically, a cavity having a small opening
emits black-body radiation through its opening
when the inner surfuces of the cavity are at uni-
form temperature.  (See ref. 7, pp. 24 to 26.)
Such  a black-body-radiation source affords a
standard of comparison against which the rate of
emission of a surface of unknown total hemispheri-
cal emissivity may be measured.  With the com-
parison black body denoted by the subseript b
and the surface of unknown total hemispherical
emissivity by the subseript u, the ratio of their
emissivities s obtained from equation (3) as

Eﬁ—l{ u 711)4"1,,

€ [1)'7 y Y1[4"1u
Beeause the total hemispherical emissivity of a
black body is unity, this equation reduces to

o R u 7‘I»44'1h ;
eu*ll’h ,11114“1u (4)

The method of determination of the total hemi-
spherical emissivity by comparison with a black
body, us expressed by equation (4), is the basis of
the technique herein employed.  If the tempera-
tures ¢ nd the areas of the unknown surface and
the blick body are made equal, cquation (4)
reduce:. further to

>
R,

= (T,=T,; A,=A) )

EIl

therefcre, the method becomes simply the deter-
mination of the ratio of the rates of cmission

R/R,.

RELATION BETWEEN RATE OF EMISSION AND RADIANT FLUX

A relationship exists between the rate of emission
R, required in equation (4) or (5), and the radiation
flux f at a distance from the emitting surface.
This relationship may be developed as follows.

Let there be located, as shown in figure 2, a
circular surface of area A with its center at the
origin of the Cartesian coordinate axes X, }, und
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z

Ficure 2.--Quantities involved in relation between rate
of emission and radiant flux.

Z and lving in the XY-plune. Let there be cir-
cumscribed about the circular surface o hemisphere
whose center is at the origin of the coordinate axes
and whose radius r is large in comparison with the
diameter of the circular surface.

In accordance with the law of the conservation
of energy, any radiation emitted from the cireular
surface must pass through the surface of the hemi-
sphere.  Therefore, if £ denotes the radiation flux
at the surface of the hemisphere, that is, the quan-
tity of radiant energy per unit of area per unit of
time, the integral of the flux over the surface of the
hemisphere must be the rate of emission /2 of the
circular area.

Liet the position of any point /2 on the hemi-
sphere be defined by the azimuth angle ¢ and the
elevation angle ¢ as shown in figure 2. Increasing
the elevation angle ¢ by the differential amount
d¢ causes the point P to deseribe upon the hemi-
sphere the differential are rd¢.  Increasing the
azimuth angle ¢ by the differential amount dy
causes the point 72, which point is located at the
normal distance r sin ¢ from the Z-axis, to describe
upon the hemisphere the differential arce dyr sin .
Accordingly, a differential area d§ of the hemi-
sphere is given hy

AS=(rde¢)(dyr sin ¢)
=r2(sin ¢)deody (6)

The product of the radiation flux f and the

differential area dS is the quantity of radiant
energy per unit of time passing through the
differential area dS. The integral of fdS over the
entire hemisphere is the rate of emission 22 of the
cireular area; that is,

9=T (Y=l
R:j f JdS
p=0 ¥=0

Upon substitution of equation (6), this equation
becomes
T

I (v
R—r f i J [ (sin @)dedy )
=0 y=i)

Thus, the rate of emission /2 is related to the flux f
by equation (7).

EQUATION FOR TOTAL HEMISPHERICAL EMISSIVITY IN
TERMS OF RADIANT FLUX

The ratio R,/R, occurring in the general emis-
sivity equation (4) and in the restricted emissivity
equation (5) may be expressed in terms of the
flux f, of the unknown surface and the flux f, of
the comparison black body by means of equation
(7) as

o=3 (- |
n | [u(sin @) dgdy
]{u___ __Jé=0 ¥=0 (8)
R, Te=f (twem
r,,’J J So(sin @) depely
® ¥=0

=0

In the experimental measurement of R,/R, by
equation (8), r, can readily be made equal to re.
With this simplification, substitution of equation
(8) into equation (5) yields the equation for
measurement of the total hemispherical emissivity
e, of an unknown surface in terms of the fluxes f,

and f, as
¢:§ y=2m )
f f Tusin @)dedy
B (9)

# ‘¢=;— ¢ =2 B
j f Fo(sin @) dod¥
=10 d«:ﬂ

when
T,=1T,
A=A,
ry="ry

SIMPLIFICATION RESULTING FROM CONFORMANCE WITH
LAMBERT COSINE LAW BY REFERENCE BLACK BODY

A black body emits the theoretical maximum
amount of thermal radiation. It ean do so only
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by emitting with maximum, and therefore equal,
intensity at all angles to its surface.  Accordingly,
the black-body radiation flux f, in equation (9)
may be expressed as a function of the elevation
angle ¢ us follows.
In figure 2, let the circular emitting surface be
a black body having a diameter « which is small
in comparison with the radius » of the hemisphere.
When viewed from the point of intersection of the
Z-axis with the surface of the hemisphere, that is,
from the point where ¢=0, the emitting surface
1 seen as a cirele whose area is wd*/4. When
viewed from any point on the hemisphere other
than ¢=0, the cmitting surface i1s seen as an
ellipse whose nmjor diameter is  and whose minor
diameter is d cos ¢.  The area of such an ellipse
is (wd® cos ¢)/4. Lt the flux at ¢=0 be denoted
by fo0, and that at ¢=0, by f,. For equal
radiating ubility of the circular black-body sur-
fuce in all directions, the flux is proportional to
the area viewed, or
d? cos ¢

Jo
P
"
50 that
fo=fo.0 cos ¢ (10)

Equation (10) is recognized as being the Lamberi
cosine law for diffusely radiating surfaces.

Substitution of equation (10) into equation (9)
permits integration of the denominator of equation
(M), whereupon equation (9) reduces to

TV f,
et f Ju (singydedy (1)

=0 ¥=0 _fb,n

when T,=T,; A,=.1,; and r,=r,. Thus, the
flux emitted by the comparison black body needs
to be measured only at ¢=0. This simplification
greatly facilitates the design of the comparison
black body and reduces the number of measure-
ments required upon it.

SPECIAL CASE OF SURFACES WHICH EMIT DIFFUSELY

Many surfaces are found experimentally to
obey the Lambert cosine law of diffuse emission.
For such surfaces, equation (11) may be simplified
as follows.

Let the flux ut =0 of the unknown surface be
fuo, and that at any finite elevation angle be f,.

In anabgy to equation (10}, for diffuse emission,
fu=Suo cos ¢ (12)

Substititing equation (12) into equation (11) per-
mits integration and gives

_‘[u.l)

_fb‘ 0

€y (13)
when =T, A,=,; ro=r, and ¢= Diffuse.
Thus, the total hemispherical emissivity of sur-
faces which emit diffusely in accordance with the
Lambert cosine law may be simply measured by
measuring the ratio of their normal total flux

Jfun to that of a black body f,,.

That a surface of unknown emissivity does
emit diffusely in accordance with the Lambert
cosine law may be readily established experi-
mentally by measuring /, at various values of ¢
and observing that f./f,,=cos é in accordance
with ejquation (12). This comparison may be
readily done graphically because the locus of
equation (12) plotted on the Cartesian coordi-
nates N and Y is a cirele of diameter f, , whose
center ides on the Y-axis at y=f1,,/2. When the
Lambert cosine law is not fulfilled, equation (11)
must b used.

APPARATUS FOR MEASUREMENT OF
HEMISPHERICAL EMISSIVITY

TOTAL

In this section is presented a deseription of the
apparaius constructed for measuring the total
hemispherical emissivity of surfaces in accordanee
with the theory of the technique set forth in the
preceding section. The apparatus is a com-
promise¢ among several factors. It has not been
designed with the objective of attaining the
highest possible precision, but rather a precision
adequate for most engineering purposes in order
that it may possess the following features: It is
designed to be readily adaptable to the measure-
ment of the emissivity of a large variety of surfaces
that ctn be produced upon, or mounted upon,
various metals in order that the utility of these
surface:. for the radiative cooling of aircraft may
be explred. It is constructed insofar as possible
of commercially available components in order
that it be readily duplicable. Accordingly, the
descripzion of the apparatus is given in sufficient
detail 1o provide not only understanding of the
measur2ments obtained but also information
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suflicient for the apparatus to be duplicated in
all essential features.

GENERAL DESCRIPTION OF APPARATUS

A general view of the complete apparatus, with
identification of the principal components, is
shown in figure 3. A schematic wiring diagram
of the complete apparatus is given in figure 4.
The complete apparatus consists of the following
three groups of components: First, the test speei-
men with its associated holder, the electric power
supply for heating the specimen by means of a
heavy current through it, and a thermocouple
together with a self-balancing potentiometer and
temperature indicator for determining the tem-
perature of the specimen; second, the reference
black body with its associated eleetrie furnace for
heating 1t and a thermocouple for determining the
temperature of the black body with the same self-
balancing potentiometer and temperature indi-
cator as usced with the test specimen; third, the
thermopile for comparing the intensity of radiation
emitted by the test specimen with that emitted by

Specimen
heater
power

supply

Temperature
indicator

the black body, the thermopile’s assoeiated water-
cooled shield and aperture, and the precision
potentiometer for measuring the potential devel-
oped by the thermopile.  These three groups of
apparatus are deseribed in detail in the following
sections,
TEST SPECIMEN AND ASSOCIATED APPARATUS

The surface whose emissivity is to be measured
is preparved upon the front face of a flat strip of
metal and mounted in the specimen holder identi-
fied in figure 3 and shown in detail in ficures 5 and
6 with a specimen installed.
heated to the destred temperature by running
through it a suitable eleetrie current obtained from
the specimen heater power supply which is also
shown i detail in figure 5. As indieated in the
cirenit dingram of figure 4, the heater power supply
consists of a variable autotransformer (Superior
Electric Co. (Bristol, Conn.) powerstat, model
12561.-25-B) feeding a stepdown  transformer
(Central Transformer Co. (Chicago 7, 1), model
G1-117).  The mput of the autotransformer is
440 volts, G0-cycle, single-phase current, and its

The specimen s

Self -balancing
potentiometer

Thermopile

cooled
shield
Specimen
holder

Freure 3.

Precision
potentiometer

L-96503.1

General view of emissivity-measuring apparatus with identification of prineipal components.
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A Ammeter
B8 Battery
Bg Stondard cel!

-— . * Specimen
2% 8200 IR 30w ]
R Indicatin
60 cps ‘ 0-600amp _ || porennorr(\;exer

Specimen heater P Sa—

power supply
Recording ]
potentiometer

C.J Cold junction
H J Hot junction
G Galvanometer

Thermaopile
}%} Black body
- WA
Precision NG Electric
potentiometer furnace

for radiation Y@ —

measurement B

+ 120v
B 1500 w
60¢ps
Sehematie drawing of eleetrical cireuit of test
setup.

FiGure 4.

Fraure .- -Test specimen holder with specimen installed
and eleetric power supply for healing specimen.

output is adjustable from 0 to 440 volts at a maxi-
mum  current of 28 amperes. The stepdown
transformer has an output of 4 volts at 440 volts
input and a maximum output current of 600
amperes.  The output of the stepdown trans-
former is connected 1o the test specimen by means

of cables and clamps as shown in figures 5 and 6.
The specimen is electrically insulated from the
jaws of the specimen holder. The jaws permit
the speemen to expand freely in the longitudinal
direction so that the specimen does not buckle
under thermal expansion. The jaws are also
rotatable about the longitudinal axis of the speci-
men so that the specimen may be alined relative
to the optical axis of the thermopile. This
arrangement permits use of specimens of various
lengths, widths, and thicknesses which, together
with the adjustable power supply, makes possible
the heating of specimens of almost every type of
metal to all temperatures up to their melting
temperature.

The temperature of cach specimen is measured
by means of a thermocouple attached to the rear
surface of the specimen opposite the small area
on the front surface of the specimen that is viewed
by the thermopile.  In figure 7 are shown details
of a typical thermocouple installation on a test
specimeri. The thermocouple is made of calibrated
chromel and alumel wires of No. 30 gage (American
wire gage). In order to insure that the heat
conducted away from the thermocouple junction
by the thermocouple wires is negligible, and that
accurate specimen temperature measurements are
obtained, the smallest diameter  thermocouple
wires thut can be used conveniently are employed,
and the wires are led away from the thermocouple
junction approximately parallel to the surface of
the specimen in the longitudinal direction to
minimize the thermal gradient in the wires.  As
shown in figure 7, the thermocouple junction is
formed by electrically spotweldimg the ends of
the chronel and alumel wires to the test speeimen,
The juntion points are located as accurately as
possible Hn a line perpendicular to the longitudinal
axis of the specimen.  If the specimen were heated
by a dirset eleetrie current, any misalinement of
the junetion points would impose upon the thermo-
couple junetion an electrical potential beeause of
the potential drop in the longitudinal direction
along the specimen.  In order to avoid this source
of error n measurement of the specimen tempera-
ture, alt srnating current was selected for heating
the specimen.  With alternating  current any
misalineinent of the thermocouple-junction points
imposes upon the direet-current output of the
thermocouple an alternating-current component
whieh is not sensed by the potentiometer employed
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Fraure 6. -‘Thermopile and water-cooled shield mounted on pivoted arm of test speeimen holder with test specimen
installed.

Ficunrk 7.- Typical thermocouple installation on a test
speeimen.

for measurement of the thermocouple eleetromotive
force,

As indicated in figure 4, the temperature meas-
ured by the thermocouple may be read with a
commercial self-balancing potentiometer contain-
ing an automatic cold junction (Instrument
Division, Minneapolis-Honeywell Regulator Co.
(Philadelphia, Pa.), Brown potentiometer, pyrot-
eter model no. 156X15P) shown in figure 3; or
alternatively with a self-balancing, recording, and
indicating potentiometer containing an automatie
cold junction (Instrument Division, Minneapolis-
Honeywell Regulator Co.  (Philadelphia, Pa.),
Brown potentiometer, model no. 153X17V-X-1)
also shown in figure 3. The recording potenti-
ometer is employed primarily for monitoring the
temperature of metal test specimens during prep-
aration of oxidized surfaces upon them when the
preparation is performed by electrically heating
the specimen in air for long durations of time
while installed in the specimen holder.

REFERENCE BLACK BODY AND ASSOCIATED APPARATUS

The reference black body is construeted upon
the theoretical principle frequently employed (ref.
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7, pp. 24 to 26) that the radiation emitted from
a small aperture in a large chamber whose interior
surfaces are uniformly heated is black-body radi-
ation and is independent of the emissivity of the

mterior surfaces of the chamber.  High-precision

reference black bodies have been construeted upon
this principle (ref. 8) but are difficult to use.  For
the rapid exploratory work and measurements of
interest in this investigation, an casily used refer-
ence black body was produced by placing the

AERONAUTI(S AND SPACE ADMINISTRATION

conieal tirget shown in figure 8 within the com-
mercial  ubular gas-analysis furnace (Lindberg
Engincerng Co. (Chicago 12, 1l1.) combustion-
tube laboratory furnace, type CF-1) shown in
figures 3 and 9.

The black-body target, shown in figure 8, is an
Inconel Lollow cone of 6 inches overall external
length whose Internal surface has a total apex
angle of 3.6° and a base diameter of 1 inch. Tt
has beer: heavily oxidized by heating to high

Ficure 8.

Figure Y.

‘Referenee-black-body conical target with thermoecouple.

L-96505

Referenee-black-body furnace with thermopile and water-ccoled shield in position for viewing black body

and precision potentiometer used with thermopile.



MEASUREMENTS OF EMISSIVITY FOR RADIATIVE COOLING OF AIRCRAFT 11

temperature in air for a long duration to give it a
stable surface of high emissivity. A chromel-
alumel thermocouple of No. 30 gage wire (Ameri-
can wire gage) is electrically spotwelded to the
exterior surface of the target so that its tempera-
ture may be measured by using the same self-
balancing potentiometers as are employed with the
test specimen, as indicated in figure 4. The electrice
furnace, shown in figures 3 and 9, into which the
target fits is essentially a ceramic tube 1.25 inches
in internal diameter and 17 inches long that is
surroutled and heated by calrod electrie heating
elements deriving power from a variable trans-
former of 1,500 watts capacity operating on 120
volts, 60-cyele, single-phase current, as shown in
the wiring diagram of figure 4. The target is
placed near the center of the ceramie tube, and the
interior surface of the conical target is viewed by
the thermopile, as shown in figure 9, through a
3-inch-diameter  aperture in a Y-inch-thick
ashestos cover plate placed over the end of the
ceramic tube. By this arrangement the interior
surface of the conical target is in effeet a chamber
whose walls are at uniformi temperature; this
chamber is in turn within a larger chamber of
approximately uniform and equal wall temperature
formed by the ceramic tube; thus, the theoretical
chamber that emits radiation as a black body is
approximated.,

THERMOPILE AND ASSOCIATED APPARATUS

The thermopile, water-cooled shicld, and test
specimen, shown figure 6, together form the
optical system shown schematically in figure 10(a).
(For clarity, the vertical seale (fig. 10(a)) is five
times the horizontal secale.) The thermopile,
optical stop, caleium fluoride lens, and housing in
which they are mounted, as indicated in figure
10(a), are components from a commercial
pyrometer (Industrial Division, Minneapolis-
Honeywell Regulator Co. (Philadelphia 44, Pa.),
Brown radiamatic pyrometer, model Rl-1).
These parts, together with the water-cooled shield
which also forms an optical stop, are rigidly
mounted relative to ecach other on a base plate
so that they may as a unit be attached to a pivoted
arm on the specimen holder as shown in figure 6
for measuring the radiation from the test specimen,
or as a unit be attached to the black-body furnace
as shown in figure 9 for measuring the radiation
emitted by the black-body target.

Thermopile
hot junction

62 W

—4-334~

g 33 e ‘
Radiating Water- Calcium Opftical
surface cooled fluoride stop  (a)

shield lens

(1) Sechematic arrangement of system.  (Vertical scale is
five times horizontal seale))
Frauvre 10-—Optical system.  All dimensions are in inches.
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(b)

(b) Enlarged view of thermocouple hot junetions.
Ficure 10.—Concluded.

A caleium fluoride lens is emploved in the
optical system of the radiation-sensing thermopile,
as indicated in figure 10(a). The transmittance
of calcium fluoride as a function of wavelength,
as given in reference 9, is shown in figure 11(a).
Beneath it is plotted in figure 11(b) the speetral
intensity of a black body as a function of wave-
length for five different temperatures. By com-
parison of figures 11(a) and 11(b), it is seen that
the ealeium fivoride lens permits the optical system
to be highly transparent to radiations of the wave-
lengths emitted over the range of temperatures of
interest for the cooling of aireraft.  The lens is
located so that the radiating surface and the
optical stop are at its conjugate foei, as indicated
by the extreme ray paths shown in figure 10(a).
When the radiating surface is normal to the optical
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axis, only those rays emanating from a 0.62-imch-
diameter aren on the radiating surface are per-
mitted by the aperture of the water-cooled shield
and the optical stop to pass through the aperture
of the optical stop and fall upon the thermopile.
The optical system thus restriets the radiation
incident upon the thermopile to rays that deviate
only by small angles from the optical axis; thus,
measurements may be made of the variation of
intensity of radiation with the elevation angle
¢ between the optical axis and the radiating sur-
face. For such measurements, the pivoted arm
shown i figure 5, upon which the system mounts
as shown in figure 6, is pivoted about an axis
coplanar with the test surface of the specimen.
The water-cooled shield prevents unwanted radi-
ation from falling upon and heating the housing
containing the thermopile.  The shield is equipped
with a shutter as shown in figure 6 so that radiation
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can be permitted to pass through its aperture
only for the brief time intervals required for
obtaininz measurements.

The thermopile consists of 10 hot- and cold-
junction pairs of chromel-constantan arranged
radially in a plane parallel to and about 0.032 inch
behind the aperture of the optical stop. Figure
10(b) is an enlarged view of the thermopile hot
junctions showing their orientaton relative to the
aperture in the optical stop as seen when viewed
along the optical axis toward the test specimen,
Each hot junction is flattened to inerease its area
exposed to radiation and blackened to maximize
its absorptivity of radiation. The entire interior
of the thermopile housing is also optically black
to prevent reflections of radiation. The cold
junctions of the thermopile are protected from
radintion by being behind the optical stop as
shown in figure 10(a) and are in thermal contaet
with the housing so that their temperature is that
of the housing.  As indicated in figures 4 and
10(n), temperature-compensating resistors  in
thermal contact with the housing are connected
i series and in parallel with the thermopile so
that its output potential is very nearly independent
of the temperature of its cold junctions, and hence
of the housing, up to housing temperatures of
250° F. The protection afforded by the water-
cooled shield was found to prevent the housing
temperacure from rising more than a few degrees
above reom temperature,

The potential developed by the thermopile is
teasure: L with the conventional precision manual
bucking potentiometer (Rubicon Co. (Ridge Ave.
at. 35th =t., Philadelphia 32, Pa.}, Rubicon portable
precisior potentiometer, model 2703) shown in
figures 3 and 9 and in the wiring diagranm of figure 4.

CALIBRATION OF APPARATUS
NEED FOR CALIBRATION

For cetermination of the total hemispherical
emissivi y of surfaces that emit diffusely in accord-
ance with the Lambert cosine law, the apparatus
must measure the flux ratio fy /50 as shown by
equation: (13); and, for surfaces that emit in any
other nanner, it must measure the flux ratio
Julfvo as shown by equation (11).  Although the
need for only flux ratios materinlly lessens the
requirements upon the instrumentation in that
only relative rather than absolute values of the
fluxes need be measured by it it is nevertheless
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necessary to ealibrate the response of the appa-
ratus to fluxes of various relative intensities, for
it is not valid to assume that the response is
directly proportional to the flux. Thus, the
response of the apparatus need be calibrated only
in terms of an arbitrary relutive scale of flux
mtensity.
METHOD OF CALIBRATION

The thermopile and its optical system constitute
the radiation-flux sensing components of the
apparatus.  Their response is the electrical poten-
tial developed by the thermopile. The required
calibration must therefore be a graph of potential
developed by the thermopile against relative flux
intensity in order that the ratio of any two fluxes
may be measured as the ratio of their thermopile
polentials for use in equation (11 or (13). Such
a calibration may readily be made with the refer-
ence bluck body.

For a black body the total hemispherical
enmissivity 15 unity; thus, its rate of emission f2,
is, in accordance with equation (2),

]l)b:U]’bLlle (1 4)

Since a black body obeys the Lambert cosine law
as expressed by equation (10), its rate of emission
in terms of its normal flux f, 4 is given by equation
(7) as

N ) ¢=
]lb*rb
¢=0

which integrates to

[ ]

¢ =2
f Jo.0 cOS & sin gy

¥=0

]\)b‘—‘Tszfb,o (15)
Equating equations (14) and (15) gives

4
%:KT,} (16)

f =
Jo,0 ry

Because the dimensions of the thermopile optieal
system are held constant, 1, and r, are constants,
which, together with the constants ¢ and 7 com-
prise the constant K in equation (16). Thus, the
flux from the black body incident upon the
thermopile and its optical system is proportional
to the fourth power of the absolute temperature
of the black body.

Although the absolute value of K, and hence of
the flux, may be determined from the values of

the constants comprising K, such need not be done
because only relative values of flux are required.
Relative flux values corresponding to black-body
temperatures may be determined by equation (16)
by arbitrarily choosing a convenient numerical
value for K. Sinee there is a thermopile potential
corresponding to each value of black-hody tem-
perature, there is also a relative flux value corre-
sponding o each value of thermopile potential.
Therefore, the required calibration of thermopile
potential as a function of relative flux intensity
may be determined by means of the Dlack body.

CALIBRATION

The ealibration of the radiation-flux measuring
systen, consisting of the thermopile and its optical
svstem, is given in figure 12, Six calibrations of
therntopile potential as a function of the black-
body temperature are shown to indieate the degree
of consisteney and stability of the system. The
first calibration was made before the emissivity
measurements herein reported were begun, others
were made at intervals during the course of the

Relative flux intensity
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Figure 12.—Calibration of the thermopile radiation-flux
measuring system,
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measurements, and the final calibration was made
after completion of these measurements.  Since
there was no distinguishable difference between
the ealibrations, the single curve shown in figure
12 was taken as being the calibration and was used
in the reduction of the emissivity measurenents.
In order that the scale of relative flux intensity
consist of numbers greater than unity, the black-
body flux intensity at 1,000° R was chosen as unit
flux intensity for calculation of the relative-flux-
intensity seale given in figure 12,

ACCURACY OF THE SYSTEM

Ingccuracies in the experituental measurements
of emissivity with the apparatus can be of two
{ypes: random errors and systematic errors.

The magnitude of the random errors may be as-
sessed from the degree of repeatability of the
measurements,  The six calibrations shown in
ficure 12 disclose no evidence of drift of the ap-
paratus.  Accordingly, the small scatter in the
experimental points of figure 12 may be attributed
to random errors of experimental measurement.
With the exception of a few experimental points
at the highest relative flux intensities, the experi-
mental points of figure 12 fall within 42 percent
of the relative flux intensity of the mean calibra-
tion curve.  Accordingly, the basie random error
of the apparatus is indicated to be about 42 per-
cent.  The calibration curve of figure 12, inasmuch
as 1t is the mean of the experimental points, pos-
sessesamuchgreater probable accuracy. Therefore,
the major source of random errvors in the measure-
ments of the emissivity of the various materials
investigated is to be expeeted to arise from the
relative flux intensity measurements upon the ma-
terials investigated rather than from the ealibra-
tion against the reference black body.  Accord-
ingly, the magnitude of the random errors in the
emissivity measurenents of the materials investi-
gated 1s to be expeeted to be only slightly greater
than the basic random error of the apparatus,
nantely, about +2 percent.  This expectation is
substantiated where repeat measurements have
been made upon highly stabilized materials, as, for
example, upon oxidized Imconel where the maxi-
muni diserepancey between repeat measurcments is
1.4 pereent, and the maximum departure of any
expertmental point from the mean curve is 2 per-
cent. Thus, the random experimental error in the
emissivity measurements upon the materials in-

vestigatod is assessed as being £2 pereent. Vari-
ations i excess of this amount are considered to
be actusl variations in the materials investigated
rather than random errors in the measurements.

Systematic errors would cause the general level
of the emissivity measurements to be incorrect.
The method here employed of comparison with a
reference black body could give rise to a syste-
matic error if the reference body were not truly a
black body. This is readily scen from the deriva-
tion of nquation (4) wherein the cmissivity of the
relerence black body e, is assumed to be unity. If
this assumption is not made, ¢ appears as a factor
in the right-hand side of equation (4) and subse-
quent  equations  derived  from  it.  Therefore,
if € is less than unity, the values of total hemis-
pherical emissivity are too large, and the correct
values are obtained by multiplying by the value of
e The reference black body employed is a hol-
low coneo designed on the basis of theory, as de-
scribed previously. A recent report (ref. 10)
indicates that a conical black body, when equipped
with aperture-limiting baflles, possesses an eniis-
sivity very near the theoretical value of unity and
forms a more perfeet black body than either a
evlinder or sphere of similar dimensions.  Further,
the emissivity is found to be nearly independent
of the surface condition of the inner walls and
inereases slightly for a smooth inner wall.  The
caleulated emissivity, given in reference 10, for
a 15° cone having a ratio of depth to radius of
limiting aperture of 135, and a fairly rough surface,
is given as 0.9993; whereas spheres and cylinders
of the same depth to aperture ratio are found to
have endssivities of 0.995 and 0.994, respectively.
Accordingly, the emissivity of the reference black
body here employed may be assumed to have an
emissivity of at least 0.995.

In view of these considerations, the accuracy of
the em ssivity measurements obtained with the
apparatus herein described is appraised as +£2.5
percent or better, which is suflicient for the engi-
neering applications intended.

INVESTIGATION OF TOTAL HEMISPHERICAL
EMISSIVITY

INCONEL

Properties of material.—The first measurements
of emissivity made with the apparatus described
herein were performed upon Inconel beesuse of its
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utility as a material of construction of aecrody-
namic-heat-transfer rescarch models as described
in reference 11 and because of its general utility
as a heat-resistant material in many diverse fields,
which ereates need for knowledge of its emissivity.
The nominal chemical composition (in percent) of
wrought Inconel (from ref. 12) is given by the
following table:

Nickel 77.0
Chromium 15.0
Iron . 7.0
Manganese . 0.25
Copper o002
Silicon L0268
Carbon .08
Sulfur. _ 0. 007

Preparation of test specimens.—When Inconel
is heated in air to high temperatures and yet is
below that temperature at which it suffers loss of
mechanical properties to the extent that it cannot
be used, it is observed to undergo a discoloration
of its surface which alters its emissivity. Al-
though the chemistry of this surface alteration
was not investigated, 1t presumably is one of
oxidation and, accordingly, is termed an oxidized
surface herein. A preliminary investigation re-
vealed that, when samples of Inconel sheet are
heated in air without prior meticulous cleansing,
the oxidation is erratic. Sometimes there is
formed a greenish-gray surface that is powdery,
loosely adherent, and generally unsuitable as a
surface having stable emissivity characteristies for
the radiative cooling of aircraft. At other times
there is formed a bluish-black surface that is
smooth, thin, strongly adherent, resistant to mild
abrasion, capable of withstanding rapid heating
and cooling without eracking or spalling, and
generally suitable as a surface for use in the radia-
tive cooling of aireraft. The following procedure
for consistently producing this bluish-black oxi-
dized surface was developed and was used in pre-
paring the test specimens.

By trial, it was determined that Inconel speci-
mens 9 inches long, 1% inches wide, and 0.030 inch
thick could readily be heated to near their melting
temperature in the specimen holder by the speei-
men heater power supply.  Accordingly, speei-
mens of this size were prepared from sheet Inconel
and their surfaces thoroughly eleansed of any
trace of mill scale and other contamination by
immersion in an etehing solution, at room tem-
perature, composed of 1 gallon of commereial nitrie

acid (70 percent HNQy), 1 pints of commercial
hydrofluoric acid (60 perecent HF), and 1 gallon of
water.  After removal and rinsing with water,
the specimens were polished to give them a smooth
surface.  They were then again immersed in the
etching solution to remove all contamination re-
sulting from the polishing, and thereafter pre-
cautions were taken to prevent contamination.
Upon removal from the etehing solution they were
scrubbed first with methyl aleohol and then with
deionized distilled water by using absorbent
cotton swabs and handling the specimens only
with clean cotton gloves.  After air drying, the
specimens were placed upon a cleansed Inconel
rack and inserted in a elean electrie furnace pre-
heated to between 1,950° F and 2,000° F and
having an air atmosphere. Since the degree of
oxidation of the specimen surfaces was dependent
upon the length of time in the furnace, specimens
having various degrees of oxidation were prepared
by withdrawing specimens from the furnace after
time intervals ranging from 2 to 13 minutes.
After oxidation, the thermocouple used for meas-
urement of specimen temperature was installed on
cach specimen.

Tests of stability of emission. - -Preliminary
measurenents of lightly oxidized Inconel speci-
mens  disclosed that their emissivity increased
with time when they were held at an clevated
temperature in air; this condition indicated pro-
gressive oxidation. Accordingly, the length of
time that Inconel must be oxidized in the furnace
by the procedure employed in preparing the test
specimens in order to establish a stable oxidized
surface was investigated.  Specimens having dif-
ferent degrees of oxidation were prepared. The
total normal emissivity of cach specimen, that is,
the cmissivity at ¢=0, was measured at a speci-
men temperature of 650° F. The specimens were
then heated to 2,000° F and held at this tempera-
ture in air for 30 minutes. The speeimens were
then cooled to 6350° I and their total normal
emissivity measured a sccond time.  The first
measurement of total normal emissivity divided
by the second measurement was taken as an index
of {he stability of the oxidized surface.

In figure 13 the measured index of stability of
the oxidized Inconel surface is plotted as the
ordinate, and the time in minutes that the test
specimens were held in the eleetrie furnace in
their preparation as the abseissa. 1t is scen that
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specimens which had been oxidized in the furnace
for 9 minutes or longer exhibited no change in
their total normal emissivity measured at 650° F
after being held at 2,000° ¥ for 30 minutes in air.

The following hypothesis is suggested as ex-
plaining the observed emissivity stability behavior
of Inconel shown in figure 13. The increase in
the stability index with furnace oxidation time up
to 9 minutes indicates that specimens oxidized for
less than 9 minutes in the furnace experienced
an inerease in emissivity upon being held at 2,000°
F for 30 minutes in air. This increase indicates
that the emissivity of unoxidized Inconel is less
than that of oxidized Inconel at the test temper-
ature of 650° F. Since emissivity is a property
of the surface, it is to be expected that, as the
unoxidized surface is replaced by an oxidized
surface of higher emissivity, the emissivity will
inerease until the unoxidized metal no longer shows
through the oxide coating, whereupon no further
change n emissivity of the surface is to be ex-
peceted.  In the light of this hypothesis, oxidation
in the furnace for 9 minutes or more produced an
oxide coating of suflicient thickness to replace
completely the lower emissivity of the unoxidized
metal with that of the oxide.

Accordingly, all further tests were performed
upon specimens that had been oxidized by heating
at 1,950° F to 2,000° F in air for 9 minutes or more.
It was observed visnally that such stabilized
specimens appeared not to experience continued
growth in the thickness ol their oxide coating
despite repeated and prolonged heating; this con-
dition suggested that the coating protected the
metal from further oxidation.  However, weighing
of a specimen before and after being maintained

TECHNICAL REPORT R—90—-NATIONAL AERONAUTIS AND SPACE ADMINISTRATION

at an eleated temperature in air would be required
to verify this observation precisely.

Tests of conformity of emission with Lambert
cosine Jaw.—In order to determine whether
stably oxidized Inconel emits thermal radiation
diffusely in accordance with the Lambert cosine
law, mesurements were made of the intensity
of radiation at various elevation angles ¢ to the
surface of two test specimens oxidized for 9 and
13 minues, respectively, over a range of specimen
tempera:zures from 800° F to 1,800° ¥.

Because the optical system of the radiation-
sensing thermopile aceepts emission from a circular
area of the specimen when viewing the specimen
at ¢=0. it views a larger elliptic arca when
$5<0. Since cquations (11) and (13) are based
upon the thermopile receiving radiation from a
constant area of the emitting surface, the measure-
ments made at ¢#0 were corrected to a constant
arca as “ollows: As in the derivation of equation
(10), thc area A, viewed when ¢330 divided by
the area Ay viewed at ¢==0 is

4‘{@)_ 1
A, cos¢

Since th: radiation received by the thermopile is
proportional to the area viewed, measurements
of the relative flux intensity at ¢70 were divided
by 1/cos ¢ to correct them to an area equal to that
viewed by the thermopile at ¢=0.

In figure 14 the ratio of the relative flux intensity
measured at several elevation angles ¢ to that at
¢=0 is »lotted as a function of ¢. In order to
test conformity with the Lambert cosine law,
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Fiaure 1-t—Comparison of emission of Inconel oxidized
9 and 13 minutes at 1,950° F to 2,000° I* with Lambert
cosine law of diffuse emission at temperatures from
800° F io 1,800° F.



MEASUREMENTS OF EMISSIVITY
there is also plotied (see cirele in fig. 14) the
Lambert cosine law as expressed by equation

(12). Tor both the 9- and 13-minute oxidized
specimens, experimental points are shown for
measurements made at specimen  temperatures
of 800° ¥, 1,000° F, 1,200° I, 1,400° F, 1,600°
T, and 1,800° F. Both specimens are seen to
emit in conformity with the Lambert cosine law
of diffuse emission at all temperatures investigated.

Measurements.—Since stably oxidized Inconel
was found to emit diffusely in accord with the
Lambert cosine law, its total hemispherical emis-
sivity can be readily measured by using equation
(13). The measurements so obtained over the
temperature range from 600° I to 1,800° F are
shown in figure 15 for two specimens oxidized in
air at 1,950° F to 2,000° F, one for a duration
of 9 minutes and the other for 13 minutes. No
measurable difference is observed between the
specimens oxidized 9 and 13 minutes; thus, the
stability measurements of figure 13 are confirmed.
The total hemispherical emissivity of the stably
oxidized Inconel is shown in figure 15 to increase
linearly with temperature from a value of 0.69
at 600° F to 0.82 at 1,800° F. Stably oxidized
Inconel is thus found to possess a moderately high
total hemispherical emissivity that is a definite
function of temperature.  Results are summarized
in table I.
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Ficere 15, -Measurements of total hemispherical emissiv-
ity of stably oxidized Inconel as function of temperature.

TABLE

idation inquies-
cent air producing

stable emissivity

FOR RADIATIVE COOLING

Alloy characteristies Type of
o erission
Tempera- | Duration,i H00° F
ture, © I min }
el i
| | i
Inconel 2, (HY 9 DifTuse 0. 64
Inconel X 2,000 30 Diffuse LRO5
Stainless steel 303 2,000 30 Dyiffuse el
Titanium alloy RS-120 s | 65 Diffuse
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INCONEL X

Properties of material.-—The total hemispherieal
emissivity of Inconel X was investigated because
Inconel X possesses superior strength properties
at elevated temperatures as compared with
Inconel and retains many other desirable proper-
ties of Inconel. Inconel X is thus interesting as
a material of construction of high-supersonic- and
hypersonic-speed aireraft subject to aerodynamic
heating which may utilize radiative cooling to
maintain structurally tolerable temperatures. The
high-temperature properties of Inconel X may
also result in its use in other fields with resultant
need for information on its emissivity character-
istics.  The percentage composition of Inconel X
(from ref. 13) is given by the following table:

Niekel .- .. _____ [P 70.00 minimum
Chromiume_._ . _.__ . .. ___.____ 14.00 to 16.00
Titanium _ . _____ O 22510 2.75
Columbium__ . .. __ . ____._._ 0.7 to 1.20
Aluminum . __ L. 0.4 to [.00
Tron. . o __.. 5.00 to 9.00
Manganese .- o . __. 0.30 to 1.00
Silieon . _ .. 0.50 maximum
CoOPPer . e 0.20 maximuin
Carbou .. ... 0.08 maximum
Sulfur_____ e . 0.01 maximum

Preparation of test specimens.— By preliminary
trials it was determined that Inconel X specimens
9 inches long, 1.5 inches wide, and 0.030 inch
thick could readily be heated to near their melting
temperature in the specimen holder by the speei-
men heater power supply.  Accordingly, speci-
mens of this size were cut from sheet Inconel X
and cleansed and polished by using the procedure
employed with Inconel deseribed previously. The
thermocouple used for measurement of specimen
temperature was then installed.

Tests of stability of emission.—The stability
of the emissivity and the oxidation characteristices
of Inconel X were investigated by placing a clean,

I -SUMMARY OP TOTAL HEMISPHERICAT, EMISSIVITY PROPERTIES
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bright specimen in the specimen holder and sub-
jecting it to the temperature time history shown
m ficure 16(a) while simultaneously measuring
its total normal emissivity which is shown in
ficure 16(b). As indicated in figure 16(a), the
specimen  temperature was quickly raised from
room temperature at time 0 to 900° I, and then
in steps of 100° F up to 1,500° F, at which point
the temperature was held constant for an hour.
The total normal emissivity, as shown in figure
16(b), increased with temperature from a low
value characteristie of most bright, white metals,
but, upon cessation of the temperature inecrease
at 1,500° F, the total normal emissivity con-
tinued to rise with time at a decreasing rate so
that it tended to approach an equilibrium value.
This behavior clearly indicates that the surface
of the specimen underwent chemical reaction with
the air at elevated temperatures, which reaction
is lerein termed oxidation, and caused the ob-
served changes in emissivity. The drifting of
the emissivity after cessation of temperature
change shows clearly that the emissivity is not
only a function of temperature but also of time at
temperature. At 75 minutes after start of the
test, the temperature of the specimen was again
quickly increased from 1,500° F to 1,800° 17 as
shown in figure 16(a), and again the total normal
emissivity increased and with the passage of time
approached an equilibrium value as shown in

ficure  16(b). At 136 minutes, the specimen
2
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(2) Time history of specimen temperature.
() Time history of total normal emissivity of specimen.

Ficure 16, Exploration of the stability of the total nor-
mal emissivity of Inconel X heated in quiescent air.

temperature was again inecrcased from 1,800° T
to 2,000” F, and again the total normal emissivity
incereased and approached with the passage of time
a steady value. Inspection of the specimen after
this test showed that it had developed upon its
surface a smooth, thin, dark gray, oxide coating
which was strongly adherent and resistant to
mild abrasion. Subsequent rapid heating and
cooling have shown that the coating is highly
resistant to flaking oft under rapid changes of
temperature.

From the measurements shown in figure 16 it is
apparent that, when Inconel X is heated to high
temperatures in quiescent air, its surface undercoes
oxidation which inereases its total normal cmis-
sivity.  With the passage of time at elevated
temperature, the emissivity approaches a stable
value which is characteristic of the temperature.
Up to £,000° F, the limit of the test, the stable
cmissivity value increases with temperature, the
increase becoming less as the temperature becomes
higher.

In view of these results, and because for the
radiative cooling of aireraft the highest possible
total hemispherical emissivity is desired, the
temperature of 2,000° F was selected for oxidizing
the surace of the Inconel X test specimens
whose 1otal hemispherical emissivity would be
measurcd. In order to determine the length of
time that the specimens would have to be held at
2,000° I in quicscent air to develop an oxide
couting having a stable value of emissivity, a
clean uroxidized specimen was quickly heated in
the speemen holder to 2,000° F and measurements
were made of the variation of its total normal
emissivi .y with time.  The results are shown in
ficure 17, from which it is seen that a stable value
of the total normal ecmissivity is attained after 30
minutes of oxidation.  Accordingly, all further
tests wore performed upon specimens oxidized in
air at 2,006° I for 30 minutes or longer,

1.00

il |

_/4},,,4\ < IS

T

i i .
10 20 30 40 50 60
Oxidation time, min

Total normal emissivity
©
o

o
o
o

Frauvre 17.—Variation of total normal emissivity of Inconel
X with time of oxidation at 2,000° F in quicscent air,
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Tests of conformity of emission with Lambert
cosine law.—In order to determine whether stably
oxidized Inconel X emits thermal radiation in
conformity with the Lambert cosine law of diffuse
emission, measurements were made of the -
tensity of radiation at various elevation angles ¢
to the surface of a specimen oxidized in air at
2,000° F for 30 mimutes. The measurements were
made at specimen temperatures of 600° F, 1,000°
F, 1,400° F, and 1,800° F, and corrected for the
mcrease in area of the specimen viewed at ¢ =0,
as deseribed previously.  In figure 18 the measure-
ments are shown, and for comparison the Lambert
cosine law is plotted as the cirele.  The measure-
ments are scen to be in close agreement with the
Lambert cosine law, from which it is concluded
that Inconel X, stably oxidized by heating in
quiescent air to 2,000° I¥ for 30 minutes or longer,
emits diffusely.

Measurements.—Since stably oxidized Inconel
X was found to emit diffusely in accord with the
Lambert cosine law, measurements of its total
hemispherical emissivity were conveniently made
by using cquation (13). Measurements so ob-
tained at temperatures from 600° F to 2,000° F
are shown in figure 19 for two specimens—one
being oxidized in air for 30 minutes at 2,000° F
and the other being the specimen that was sub-
jected to oxidation at successively higher tempera-
tures up to 2,000° ¥, and whose time history is
given 1n figure 16.

Figure 19 shows that the total hemispherical
emissivity of Inconel X stably oxidized in air at
2,000° F for 30 minutes or longer varies almost
linearly with temperature from a value of 0.895 at
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Fiaure 18.—Comparison of emission of Inconel X oxidized
30 minutes at 2,000° F with Lambert cosine law of dif-
fuse emission at temperatures from 600° F to 1,800° F.
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Fravee 19.—Measurements of total hemispherical emis-
sivity of stably oxidized Inconel X as funetion of
temperature.

600° I to 0.925 at 2,000° F and thus has over this
temperature range a high emissivity well suited
for radiative cooling of aireraft. The close agree-
ment between the measurements for the specimen
oxidized a long time and that oxidized for the
minimum time of 30 minutes required for attain-
ment. of stability indicates not only that full
stability had been attained by the 30-minute
oxidized specimen but also that the cmissivity is
dictated by the highest temperature at which the
oxidation is performed irrespective of oxidation at
lower temperatures. Results are summarized in
table 1.

TYPE 303 STAINLESS STEEL

Properties of Material.—Mecasurements of the
total hemispherical emissivity of type 303 stainless
steel were performed because of the desirable
physical properties of this material at elevated
temperatures. The interest in this material as a
construction material for supersonic and hyper-
sonic aireraft, its utilization in aerodynamic heat-
transfer research models, and other uses of it in
many diverse fields create a need for a more com-
plete knowledge of its total emissivity. The nom-
inal chemical composition {(in percent) of type
303 stainless steel (from ref. 14) is shown in the
following table:

Chromium 17.00 to 19.00
Nickel 8.00 to 10.00
Manganesc 2.00 maximum
Silicon_ __ 1.00 maximum
Molybdenum (.60 maximum
Zirconium 0.60 maximum
Carbon__ . 0.15 maximum
Phosphorus 0.07 minimum
Sulfur___ 0.07 minimum
Selenium 0.07 minimum
Iron Balance
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Preparation of test specimens.—Preliminary
tests indicated that test specimens of type 303
stainless steel having dimensions of 9 inches in
length, 1} inches in width, and 0.030 inch thick
could easily be heated to a temperature near the
melting point of this alloy by the specimen heater.
Therefore, test specimens of this size were fabri-
eated  from  0.030-inch-thick sheetmetal stoek,
cleaned to the base metal by mechanically polish-
g, #nd the temperature-measuring thermocouple
was attached to the surface.  All specimens were
further cleaned by scrubbing with aleohol and
distilled water before testing.

Tests of stability of the emission.—Tests on a
polished and cleansed specimen to determine the
oxidation characteristies in air and the emissivity
stability were performed by subjecting the specei-
men to the temperature time history shown in
figure 20(a) while simultaneously measuring the
specimen’s  total normal emissivity shown in
ficure  20(b). With increase in temperature
during the first 15 minutes, the total normal
emissivity inereased, and a large time lag was
exhibited. By virtue of this time lag, the total
normal cnussivity of the unoxidized speeimen is
determined to be approximately 0.30.  Retention
of the specimen temperature at 1,500° F from 15
minutes to 75 minutes gave little indication of
quick attainment of a steady normal emissivity
value; therefore, the temperature was inereased
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(a) Time history of speeimen temperature.
(b) Time history of total normal emissivity.

Frevre 20.—Exploration of the stability of the total nor-
mal emissivity of xtainless steel 303 heated in qguies-
cent air.

to 1,80(° F at 75 minutes. By 136 minutes
evidenec that a stable value of total normal emis-
sivity could be achieved was indicated by the
asymptotic approach of the total normal emissivity
to a constant value of approximately 0.74 as
shown in figure 20(b). In order to determine
whether a still higher stable value of total normal
emissivity could be attained, the specimen temper-
ature was inereased to 2,000° F at 136 minutes,
whereupon asvmptotic approach of the total
normal rmissivity to a value of about 0.87 was in
evidencc by 197 minutes. Examination of the
test specimens after completion of this test showed
that a smooth, thin, strongly adherent, nearly
black, oxide coating that is resistant to abrasion
had been formed upon the surface of the test
speeimen. A series of rapid heating and eooling
cyeles indicated that this oxide coating is resistant
to flaking or spalling under conditions of rapid
temperature ehanges up to the maximum tempera-
ture of these tests, 2,000° F.

Because the highest value of total hemispherical
emissivity is desired for the radiative cooling of
aireraft, and because the stable value of total
normal emissivity of oxidized type 303 stainless
steel is shown by figure 20 to inerease with
temperalure of oxidation up to the limit of the
test at £,000° F, all further tests were performed
on speei nens oxidized in air at 2,000° F.

In orcer to determine the oxidation time neces-
sary at a temperature of 2,000° F to obtain in
quicscent air a surface coating having a stable
value of emissivity, a clean bright test specimen
was quickly heated to 2,000° F and measurements
made of the variation of its total normal emissivity
with tinie.  The results of this test, as shown in
figure 21, indicate that a stable value of emissivity
is obtaired after approximately 30 minutes from
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Freere 21.—Variation of total normal emissivity of stain-
less steel 303 with time of oxidation at 2,000° F in
quiescent air,
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the instant at which the temperature of the speci-
men reaches 2,000° ¥. Therefore, all further in-
vestigations were perfornied on test specimens
oxidized in air at 2,000° F for 30 minutes or longer.
Tests of conformity of emission with Lambert
cosine law.—An investigation to determine
whether stably oxidized type 303 stainless steel
emits diffusely in accordance with the Lambert
cosine law was conducted over a range of angles
of incidence from 0° to 60° and over a range of
specimen temperatures from 600° I to 2,000° F.
The measurements are shown in figure 22 where,
for comparison, the Lambert cosine law is plotted
as a cirele.  The close agreement of the measure-
ments with the Lambert cosine law indieates that
type 303 stainless steel emits diffusely over the
temperature range front 600° I to 2,000° F when
stably oxidized i air at 2,000° F.
Measurements.—Since  stably  oxidized 303
stainless steel was found to emit ditfusely, measure-
ments of its total hemispherical emissivity were
readily made by using equation (13). The meas-
urements obtained for two test specimens over the
temperature range from 600° F to 2,000° I are
shown in figure 23. One specimen was that sub-
jeeted to the temperature time history shown in
figure 20, and the other was oxidized in air for
60 minutes at 2,000° F. The total hemispherical
emissivity is shown in figure 23 to increase from
0.74 at 600° F to 0.87 at 2,000° K. The close
agreement between the two speeimens indicates
that the total hemispherical emissivity is fully
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Fraurk 22.—Comparison of the emixsion of stainless steel
303 oxidized 60 minutes at 2,000° I with Lambert cosine
law of diffuse emission at temperatures from 600° F to
2,000° F,
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Fraure 23, -Measurements of total hemispherical emis-
sivity of stably oxidized stainless steel 303 as o funetion
of temperature.

stabilized by oxidation in air at 2,000° ¥ for
30 minutes, that it is independent of oxidation at
lower temperatures, and that it is determined by
the highest. oxidation {emperature to which the
test specimen s subjected.  Results are sum-
marized in table I.

RS-120 TITANIUM ALLOY

Properties of material.---The investigation of
the total hemispherical emissivity of type RS-120
titanium alloy was conducted because of its rela-
tively light weight, great strength, and high melt-
ing point. These physicel properties have ereated
considerable interest in this metal as a construe-
tion material for supersonic and hypersonic air-
craft as well us for other diverse high-temperature
applications.

A rapid decrease of the ultimate and yield
strength of this metal oceurs at temperatures above
800° F.  (See ref. 15.)  Further, a slow but
irreversible absorption of atmospheric nitrogen at
temperatures above 1,200° F eauses embrittlement
of the metal (ref. 15); thus, the utilzation of this
metal is limited to temperatures considerably be-
low the melting point for applications where great
strength i1s necessary or where prolonged exposure
to high temperatures is expected.  Accordingly,
investigation of the emissivity of this material was
limited to 1,500° F for short-time-duration high-
temperature applications.

The nominal chemical composition (in pereent)
of this alloy, as given in reference 15, 1s shown in
the following table:

Titanium__. L . 94, 170
Manganesce. ; L . 5. 700
Carbon____ Sl . 0. 106
Niekel ____ . . (. 022

Preparation of test specimens.—Test specimens
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9 inches long, 1 inch wide, and 0.062 inch thick
were found to be easily heated by the specimen-
holder power supply to a temperature exceeding
the useful range of this metal. Therefore, speci-
mens of this size were polished to a clean smooth
surface of bare metal and temperature-measuring
thermocouples were attached. The test specimens
were then further cleaned by serubbing with
alcohol followed by distilled water before any
tests were performed.

Tests of stability of emission.-—In figure 24 are
shown the results of an exploratory test to
determine the feasibility of producing on this
alloy a stable and high emissivity coating by
chemical reaction with air induced by heating the
alloy in quiescent air, which reaction is here termed
oxidation although chemically the coatings pro-
duced may have consisted of compounds other
than oxides. A clean specimen was subjected to
the temperature time history shown in figure 24(a),
and simultancously there was measured its total
normal emissivity which is presented in figure
24(b). Upon heating the specimen to 800° F,
its total normal emissivity was found to be 0.26,
a low value typical of bright metals, which value
exhibited little or no variation with time at
temperature for 22 minutes. The temperature
was then inereased to 1,000° F whercupon the
total normal emissivity quickly increased, and
after about 13 minutes reached a steady value of
0.39 at which it remained without indication of
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(a) Time history of specimen temperature.
(b) Time history of total normal emissivity.

FiGure 24.—Exploration of the stability of the total
normal emissivity of titanium alloy RS-120 heated in
quiescent air,

drifung for 19 minutes. The gradual approach
of the cmissivity to the steady value of 0.39
indicates  chemical reaction of the specimen
with the air, resulting in the formation of a coating
upon the surface of the specimen; this coating,
upon reching full development attainable at
1,000° ¥, exhibited a total normal emissivity of
0.39. I order to determine whether o coating
having a still higher stable value of total normal
emissivity could be produced, the temperature of
the specimen was increased to 1,200° F as shown
i figurc 24(a). The total normal emissivity
increasec slowly (this increase indicating further
development of the coating by reaction with the
air) and appeared to reach after 26 minutes a
stable value of 0.675 at which it remained for
5 minutes.  In an attempt to develop a still
higher total normal emissivity, the specimen
temperature was again increased, this time to
1,400° ¥ The total normal emissivity, as shown
in figure 24(b), underwent a substantial decrease
followed by a slight increase and after 51 minutes
approacted a steady value of 0.575. This
phenomenon was found to be repeatable with other
test specimens. It is noted that in this tempera-
ture ranze this titanium alloy i1s known to ex-
perience an irreversible absorption of atmospherie
nitrogen. (See ref. 15.) This condition suggests
that the observed decrease in total normal
emissivity 1s associated with nitrogen absorption
resulting in a chemical change in the coating of the
specimen, although no chemical analysis was
performed to confirm this. In order to explore
further, the temperature of the specimen was
increasec to 1,500° F as shown in figure 24(a).
The specimen’s total normal emissivity, as shown
in figure 24(b), increased slowly with time and
after 60 o 70 minutes appeared to have reached a
stable volue of 0.715, the highest value attained
in the tost.

Upon -ooling of the test specimen whose time
history ¢f oxidation is shown in figure 24, as well
as other specimens subjected to similar time
histories of oxidation, it was found that there had
formed 1pon their surfaces a coating that was
smooth, adherent, resistant, to mild abrasion, and
capable of withstanding rapid temperature
fluctuations without damage. Because of this
behavior, and in view of oxidation at 1,500° F
having produced the highest total normal emis-
sivity, all further investigations were made on
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specimens oxidized in air at 1,500° F.

In order to determine the length of time required
to produce on titanium alloy RS-120 a stable oxide
coating whose emissivity would not change with
time at temperature, clean test specimens were
heated in quiescent air to 1,500° F for various
lengths of time and their total normal emissivity
measured at 1,500° F. The results of these tests
are presented in figure 25 which shows that oxi-
dation for 65 minutes or longer results in a stable
value of the total normal emissivity of 0.715.

Tests of conformity of emission with Lambert
cosine law.—Cleaned and polished specimens of
tvpe RS5-120 titanium alloy, stably oxidized by
heating at 1,500° F in quiescent air for 65 minutes
or longer, were investigated for conformance of
their cmission with the Lambert cosine law of
diffuse emission by measurement of the ratio of
their relative flux intensity at elevation angles ¢
of 30° 45° and 60° to that at ¢=0° The
measurements were made over a range of specimen
temperatures from 600° F to 1,500° F. The re-
sults are presented in figure 26, where, for compari-
son, there is also plotted as the cirele the Lambert
cosine law of diffuse emission as expressed by
equation (12). The close agreement between the
experimental  measurements and  the Lambert
cosine law indicates diffuse emission from the
stably oxidized surface over the temperature
range from 600° F to 1,500° K.

Measurements.—After it was determined that
tvpe R8-120 titanium alloy stably oxidized by
heating to 1,500° F in quiescent air for 65 minutes
or longer emits diffusely in accord with the Lam-
bert cosine law, its total hemispherical emissivity
was conveniently measured by use of equation
(13). In figure 27 are presented measurements
for two specimens, one of which is the specimen
whose time history of oxidation is shown in figure
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Fiaure 25.—Variation of total normal emissivity of tita-
nium alloy R8-120 with time of oxidation at 1,500° F
in quicseent air.
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Fravre 26. --Comparison at temperatures from 600° F to
1,500° F of the emission of titanium alloy RS-120 oxi-
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Fraure 27.—Measurements of total hemispherical emis-
sivity of stably oxidized titanium alloy RS-120 as a
function of temperature.

24, and the other isa specimen oxidized at 1,500° F
only. The close agreement between the specimens
indicates that the emissivity characteristics were
determined by the oxidation at 1,500° F rather
than by any oxidation at lower temperatures. The
total hemisphierical emissivity varies from 0.66 at
600° F to 0.72 at 1,500° F. Results are sum-
marized in table 1.

CONCLUDING REMARKS

In this investigation, cooling by thermal radia-
tion 1s shown theoretically to be a promising and
powerful means of keeping the temperature
resulting from aerodynamic heating of high super-
sonic and hypersonic aireraflt within structurally
tolerable limits, particularly at high altitudes.
Exploitation of radiative cooling is recognized as
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requiring the development of methods of readily
producing on high-temperature structural mate-
1ials surfaces that not only have high values of
total hemispherical emissivity but also are aero-
dynamically smooth, adherent, resistant to mild
abrasion, and capable of withstanding rapid
changes of temperature. It is shown theoreti-
cally that the emissivity characteristics of such
surfaces can be readily investigated to high tem-
peratures by comparison with a reference black
body. Relatively simple apparatus based on this
principle is described and illustrated; this appa-
ratus is casily duplicable and was constructed
principally from commercially available parts. A
simple procedure for calibration of the radiation-
sensing portion of the apparatus is described, and
techniques of employing the apparatus are illus-
trated. By means of the apparatus it is shown

that there can be produced on suitably cleaned
Inconel, Inconel X, stainless steel 303, and tita-
nium alloy RS-120 surfaces having high and sta-
ble values of total emissivity, as well as other
requisite properties, by oxidizing by the simple
process of heating in quiescent air to the neces-
sary temiperature for the appropriate length of
time.  The temperature and times at tempera-
ture required to produce the stably oxidized sur-
faces, the type of emission of the surfaces, and
the total hemisphericul emissivity of the surfaces
at  various temperatures are summarized for
convenient reference in a table.

LancrLey Reseanrcd CENTER,
NATIONAL AERONUATICS AND SPACE ADMINISTRATION,
Lancuey Fienp, Va., July 28, 1960,
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